The diel vertical migration, growth and spawning season of the euphausiid, Thysanoessa longipes, were investigated using seasonal samples collected from waters around the Yamato Rise, central Japan Sea, during the period 1987 to 1999. Thysanoessa longipes was present throughout a broad bathymetric layer extending down as deep as 1000 m. There was a clear trend for larger specimens to occur at deeper depths. The peak of abundance of the total population occurred at depths of 30-300 m at night, and 150-500 m during the day, and the distance of the diel vertical migrations of the total population was estimated to be between 100 and 150 m. Population structure analysis revealed the occurrence of three cohorts aged 0+, 1+ and 2+ years, with females attaining a larger body size than males. Growth as determined by body length was found to fit well to the von Bertalanffy growth equation. The estimated life span for males and females is 3 years, and females reach maturity in 2 years. Based on the occurrence of calyptopis larvae, spawning of T. longipes was estimated to occur over only a limited period of the year between April and May.
I N T R O D U C T I O N
The euphausiid, Thysanoessa longipes Brandt, is distributed widely in the northern North Pacific, mostly in the waters north of 50 N. Within the northern North Pacific, the western side of the species distribution extends south as far as the Japan Sea ($40 N) (Brinton et al., 2000) . In the Japan Sea, T. longipes is one of the most dominant zooplankton species, especially in the northern and central areas (Ponomareva, 1966) . Thysanoessa longipes is reported to be eaten by various zooplanktivores, including pink salmon (Oncorhynchus gorbuscha), masu salmon (Oncorhynchus masou) and walleye pollack (Theragra chalcogramma) (Fukataki, 1967 (Fukataki, , 1969 Kooka et al., 1998) . Thus, it is anticipated that T. longipes plays a vital role in the pelagic food webs in which it occurs.
To understand the quantitative role of T. longipes in the organic matter transfer to animals at higher trophic levels, information about the life history of this animal is a prerequisite. However, despite its potential importance, our understanding of the ecological role of this species of the Japan Sea has long been hampered by the inability to collect individuals in large quantities owing to their net avoidance behavior and rough winter seas, especially in offshore areas. Information about growth is currently limited to the populations from other areas, e.g. the northern part of the North Pacific (Nemoto, 1957) , the Okhotsk Sea (Zhuravlev, 1976) and off British Columbia, Canada (Fulton and LeBrasseur, 1984) . These previous data were obtained during short periods in the year and lack information on diel vertical migration, which is essential to detail the life history pattern of this species in the Japan Sea.
As part of a research program to evaluate the structure of biological production in the Japan Sea, we investigated vertical distribution patterns of T. longipes individuals in the northern, central and southern Japan Sea. We also studied their growth and spawning in the waters around the Yamato Rise, central Japan Sea. The present results are compared with the same species in other regions.
M E T H O D Sampling
In the present study, a variety of nets was used, e.g. NORPAC nets (45 cm mouth diameter, 335 mm mesh aperture), bongo nets (70 cm mouth diameter, 500 mm mesh aperture), fish-larva nets (130 cm mouth diameter, 500 mm mesh aperture), MTD horizontal closing nets (56 cm mouth diameter, 335 mm mesh aperture) and MOCNESS nets (1 m 2 mouth area, 335 mm mesh aperture) to collect all developmental stages of Thysanoessa longipes (Table I) . For detailed descriptions of these sampling gears, see Wiebe and Benfield (Wiebe and Benfield, 2003) . All samples obtained on board the ships with this gear were preserved immediately in 10% buffered g g formalin-seawater. CTD casts were made at each sampling to determine the vertical temperature profiles.
Diel vertical migration
Both day and night, samples were taken simultaneously at 16 depth horizons between the surface and 900 m depth. MTD nets at were used at Station 1 (39 00 0 N, 135 00 0 E) in June 1988, August and October 1994, and April 1996 ( Figure 1) . A MOCNESS net was towed in 16 layers between the surface and 1000 m at Stations 1, 11 and 12 in January 1997, and at Station 10 in October 1999 ( Figure 1 ). Additional MOCNESS samplings were made at Stations 11 and 12 (Table 1) .
Spawning
To collect eggs and larvae of T. longipes, NORPAC nets were towed at nine stations (Stations 1-9) around the Yamato Rise, central Japan Sea (Figure 1 ) at various times of the year (one to five times a year) from 1987 to 1997 (Table I) . At each sampling, one or two vertical tows were made from 500 m depth (or near the bottom at the stations where the bottom is less than 500 m from the surface) to the surface (Table I) .
Growth
Samples were collected from a 2900 m deep station (Station 1) at the Yamato Rise (Figure 1 ) in April and August 1994 and in January, June and October 1997. Fish-larva nets were towed obliquely from an aimed depth of 2000 m to the surface at night in 1994 (Table I) . No attempt was made to estimate the water volume passing through the fish-larva nets. Bongo nets were towed obliquely from an aimed 500 m depth to the surface at night at a speed of 2.0-2.5 knots for the samplings in 1997. The accuracy of depth was checked using a time-depth recorder. The nets reached a depth of 400 m in June and 782 m in October. The recorder failed to obtain data in January.
Developmental stage and size
The specimens were separated into eggs, larvae (calyptopis I-III and furcilia), juveniles, males, females and females with spermatophores based on morphological characters given by Ponomareva (1966) , Endo and Komaki (1979) and Makarov and Denys (1980) (Ponomareva, 1966; Endo and Komaki, 1979; Makarov and Denys, 1980) . Body length (BL, from the posterior margin of the eye notch to the terminal end of the sixth abdominal segment) was measured under a dissecting microscope, and total length (TL, from the tip of the rostrum to the distal end of the telson excluding spines) was also examined for some specimens simultaneously to establish the allometric relationship.
R E S U L T S Diel vertical migration
Among the seasonal NORPAC samples collected between 1987 and 1997, calyptopis I-III only occurred between April and May ( Figure 5 , detailed below). With regard to the day/night vertical distribution patterns, MTD samples revealed that both calyptopis and furcilia larvae in April 1996, and furcilia larvae in June 1988 were non-migratory, judging from the distance between the day/night depths at which the peak abundance occurred. Most calyptopis and furcilia larvae occurred in the surface layer (<100 m depth), though some individuals were found in the mid layers (300-400 m) (Figure 2 ). MOCNESS and MTD samples showed that the postlarvae ( juveniles and adults) of T. longipes were present throughout a broad bathymetric layer from near the surface to a depth of 1000 m. The depths where the majority of specimens occurred were 30-300 m at night, and 150-500 m during the day around the Yamato Rise (Stations 1 and 10), but the peak abundance was often less marked or bimodal (Figure 3) . Nevertheless, the N. IGUCHI AND T. IKEDA j GROWTH OF THE EUPHAUSIID, THYSANOESSA LONGIPES day/night vertical distribution patterns of the postlarvae were evident, and the distance of the diel vertical migrations was estimated to be between 100 and 150 m. Vertical distribution patterns of the postlarvae appeared to differ geographically within the Japan Sea. Among samples taken in January at different stations (Stations 1, 10, 11 and 12; Figures 1 and 3) , the night ascent of T. longipes reached the surface layer at Station 11 in the northern Japan Sea where the surface temperature was 4 C. At Stations 1 and 10 in the central Japan Sea and Station 12 in the southern Japan Sea, the surface temperatures were 13-22 C, and the postlarvae migrated upward to 100-150 m depth at night where the water temperature was 5-10 C. A possible temperature barrier of 10 C which prevents migration of the postlarvae was also suggested by their seasonal vertical distribution patterns at Stations 1 and 10 around the Yamato Rise; throughout the year, the postlarvae occurred abundantly in the near surface layer (30 m depth) only when the surface temperature was cold ( 8 C).
There was a tendency for larger specimens to live at deeper levels than smaller specimens (Figure 4 ). Since females attain a larger BL than males ( Figure 6 , detailed below), females were more abundant than males in the deeper layer, whereas juveniles were consistently abundant in the shallower layers. For the bimodal abundance peaks observed in October 1999, each peak was composed of different developmental stages, e.g. the major component was juveniles for the daytime peak in the 200-300 m layer, and adult males and females for the daytime peak in the 400-500 m layer (Figures 3 and 4) .
Spawned eggs of T. longipes were not seen in our samples. Calyptopis I-III (C I-III) occurred between April and June with a peak abundance between April and May ( Figure 5 ). The maximum values found in May 1990 were as follows: C I, 2320 individuals (ind.) 100 m À3 ; C II, 810 ind. 100 m À3 ; and C III, 206 ind. 100 m À3 . Thus, active spawning of T. longipes was found to be limited solely to the period from April to May. 
Size distribution and growth
Over all developmental stages of T. longipes, the size ranges recorded were 2.8-3.3 mm for furcilia larvae, 3.5-12.6 mm for juveniles, 7.8-17.4 mm for males, 8.9-22.5 mm for females and 15.9-22.1 mm for females with spermatophores. The entire BL range (2-23 mm) was divided into 1-mm increments ( Figure 6 ). Females attained a larger body size than males among all samples ( Figure 6) ; therefore, growth analysis was made separately on each sex. As many as three cohorts, size distributions of which slightly overlapped, were identified and designated as 0+, 1+ and 2+ years old, and then the means were calculated for each cohort in each collection ( Figure 6) .
Growth in terms of BL was estimated from the mean for each cohort of the samples in 1997 and fitted well to the von Bertalanffy growth equation [BL t = BL 1 (1 -e -K(t -t 0 ) )], where BL t is BL at time t days (starting January 1 of the year in which the eggs are spawned), BL 1 is the hypothetical asymptotic BL, K is the growth factor and t 0 is the intercept of the x-axis. Parameters estimated with nonlinear regression by least squares were BL 1 = 37.118 (SE 7.469), K = 0.000838 (0.000265) and t 0 = 25.057 (28.094) for females (r 2 = 0.995, n = 8) and BL 1 = 17.661 (SE 0.640), K = 0.001964 (0.000194) and t 0 = 22.052 (14.605) for males (r 2 = 0.998, n = 8) (Figure 7) . The life span of the population estimated from the von Bertalanffy growth equation and maximum body length was 3 years ( Figure 6 ). Among the five samples, females had spermatophores attached in January and April only, and the BL ranged from 15 to 21 mm in the 2+ year cohorts ( Figure 6 ). Thus, we estimate that females reach maturity at 2 years.
From the specimens of various sizes (2.8-22.5 mm BL), the relationship between BL and TL was established as TL = 0.372 + 1.384BL (r 2 = 0.998, n = 145). 
D I S C U S S I O N
Previously, the vertical distribution of T. longipes has been studied only at limited depth ranges for the populations in the North Pacific (Brinton, 1962) , Oyashio Region (Taniguchi, 1969) and off Washington State (Hovekamp, 1989) . According to these previous workers, T. longipes occurred in depths shallower than 265 m (Taniguchi, 1969) . In fact, Brinton (Brinton, 1962) classified T. longipes as a subarctic epipelagic species (0-280 m). In contrast, we found the abundance peak of T. longipes was often below 300 m depth in the central and southern Japan Sea (Figure 4) . The deeper distribution of T. longipes observed in the central and southern Japan Sea may be interpreted by the characteristic hydrographic conditions of these regions: the surface layer is covered by warm Tsushima Current water in the surface layer, and the mid-layers are occupied by oxygen-rich, cold water, the so-called 'Japan Sea Proper Water' (Nishimura, 1969) . Compared with the North Pacific, the lack of competitors such as Thysanoessa inspinata and many meso-bathypelagic euphausiids may be another reason why T. longipes could extend their distribution to the depth of 1000 m in the Japan Sea (Figures 4 and 5) .
The difference in growth between male and female T. longipes observed in the present study is similar to that reported in the northern North Pacific by Nemoto (Nemoto, 1957) . The mesopelagic euphausiid Thysanopoda acutifrons also has been shown to have a growth curve with males achieving a smaller BL than females despite both sexes exhibiting the same longevity (Mauchline, 1985) . In many species of mesopelagic euphausiids of the genus Thysanopoda, it is known that males attain a smaller body size than females (Nemoto et al., 1977) . Other than euphausiids, the mesopelagic amphipod Primno abyssalis is reported to be characterized by small, short-lived males and a slow growth rate for both sexes in the Japan Sea (Ikeda, 1995) . Thus, a difference in the growth between males and females appears to be a common growth pattern in mesopelagic zooplankton species. Nemoto noted that T. longipes in the northern North Pacific becomes mature at the age of 2 years and spawns at 20-28 mm TL (=14-20 mm BL, from the allometric equation established in this study) (Nemoto, 1957) , and T. longipes individuals who have spawned might survive for a third year, which is similar to our observations for the population around the Yamato Rise in the Japan Sea (Figure 7) , though there is a possibility that the body shrinkage in winter which is commonly observed in euphausiids (Nicol, 2000) affects our analysis of the life span. The temperature in the mesopelagic zone in the Japan Sea is cold (<1 C) and this may allow the same life history pattern, despite the fact that the Japan Sea is the southernmost part of the horizontal distribution of T. longipes. Indeed, the low temperature has been shown to be the cause of suppressed development and growth rates of meso-and bathypelagic zooplankton species (Meterythrops microphthalma, Primno abyssalis and Conchoecia pseudodiscophora) in the Japan Sea and their generation lengths were estimated to be 2-4 years (Ikeda, 1992 (Ikeda, , 1995 Ikeda and Imamura, 1992) . In addition to low temperature, low niche competition and the lack of micronektonic predators in the mesopelagic zone in the Japan Sea may allow the persistence of slow growing populations (Ikeda, 1992) .
According to Ponomareva, the diameter of T. longipes eggs varies from 0.99 to 1.05 mm and they do not differ morphologically from those of Thysanoessa inermis (Ponomareva, 1966) . No eggs fitting this description were found in the samples collected throughout this study, including those collected during the estimated spawning period (April-May). Endo and Komaki also failed to sample T. longipes eggs in the central Japan Sea in April and May 1972 (Endo and Komaki, 1979) . There are three possible reasons for this: (1) T. longipes spawn in deep water (>900 m), though some females with spermatophores were observed in the surface layer in January (Figure 4) and April (data not shown); (2) T. longipes spawn and the eggs hatch out over a very short, discrete time period, which occurred before our samples were taken (April); and (3) the egg size of T. longipes varies regionally, and is similar to that of Euphausia pacifica or is smaller than the mesh size of nets used in this study (335 mm). Incidentally, the eggs of E. pacifica, another dominant euphausiid in the Japan Sea, were caught abundantly around the Yamato Rise in this study, though their egg size is smaller [0.46 mm (Iguchi and Ikeda, 1994) ] than that of T. longipes [0.95-1.05 mm (Ponmareva, 1966) ]. While we are unable to discern the most likely reason at present, the incidence of females with attached spermatophores in January-April ( Figure 6 ) and calyptopis I larvae in April-May suggests mid-winter to early spring to be the most likely spawning season for T. longipes around the Yamato Rise in central Japan Sea. For the population in the northern North Pacific, Nemoto estimated the spawning period to be late spring to early summer (May-June), which is later in the year than that of the Yamato Rise population as stated above (Nemoto, 1957) . Laboratory experiments on egg spawning and observations of the larval development of T. longipes are needed to aid our understanding of the early life history of T. longipes in the future.
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